Abstract. Although several studies have recommended removal of secondary components of magnetic remanence by zero-field cycling from room temperature to a temperature much lower than the low temperature transition for magnetite (about 120 K), the method has not become a standard routine technique. This is partly due to the poor understanding of the behavior of magnetite particles at the low-temperature transition zone. Previous experiments by other researchers have used magnetite powders. In such powders it is always possible to attribute any discrepancy between the results observed and theory to possible existence of magnetostatic interaction effects or existence of elongated particles in samples presumed to 
Introduction
In order to isolate the primary magnetic remanence (i.e., the more stable and hence more ancient remanence) in rocks from secondary components (less stable), two techniques are often employed. This practice is often referred to as "magnetic cleaning". One technique is the stepwise alternating field (af) demagnetization [e.g., Creer, 1959] , and the other is thermal demagnetization [e.g., Collinson, 1983, p. 335]. Apart from these two techniques, magnetic cleaning of samples whose major remanent magnetization carrier is magnetite can be obtained by zero-field cycling from room temperature to a temperature much lower than about 120 K, the so-called Verwey transition [Verwey, 1939] . Although several studies [e.g., Ozima et al., 1964; Kobayashi and Fuller, 1968; Merrill, 1970] The results show a gradual increase in the amount of saturation isothermal remanent magnetization (SIRM) lost at the Verwey transition with increasing particle size in the pseudo-single-domain size range. This observation is similar to that reported by Ozdemir et al. [1993] . They ascribed it to partial oxidation of the particles. We interpret the observation to be a reflection of the vortex domain structure. The vortex domain state has been observed in several studies [e.g., Dunlop, 1989, 1995] . The grain size dependence of the amount of SIRM lost at T v is most probably what has been reported by previous researchers Table 1 contains basic information on the samples used in this study. A brief description of the method of production is provided below. Where appropriate, a reference containing a detailed description of the method is provided for the interested reader.
Brief Description of Samples Used in This Study

Lithographically Produced Magnetite Samples
Method 1 These samples were produced by the method of electron beam lithography and the annealing technique referred to as method 1 by King et al. [ 1996] . The method involves vacuum evaporation of Fe on a silicon substrate with a patterned resist. The resist is later dissolved, and Fe particles are converted to magnetite by annealing for about 12 hours in a low-pressure (about 10 -4 mobar ) oxygen environment at a constant temperature of 300 C. Cooling of the sample from 300øC to room temperature is done rapidly to avoid oxidation to hematite or maghemite. Since the thermal conductivity of Fe304 is different from that of the silicon substrate, the rapid cooling results in stressed samples.
Lithographically Produced Magnetite Samples Method 2
Fe particles produced using electron beam lithography techniques were converted to magnetite by annealing in an environment of gas mix ratio of 100:6, CO2.'H2. At an annealing temperature of 600øC, Fe particles were fully converted to Fe304 in about 4 hours. Unlike in method 1, slow cooling to room temperature without oxidation to hematite or maghemite was possible [King et al., 1996] . In this paper, unless otherwise stated, samples referred to as lithography (or lithographically produced), without specifying whether they were produced using method 1 or 2, are those produced using method 2.
Magnetite Thin Film Samples
These samples are composed of a continuous thin film layer of magnetite. They were produced by converting an Fe thin film to a Fe304 thin film using method 2 annealing technique [King et al., 1996] .
Hydrothermal Recrystallization Samples
These samples were produced by the method of hydrothermal recrystallization similar to the method of Heider and Bryndzia [ 1987] . NHnCI (or distilled water) was placed in a platinum capsule containing commercially obtained magnetite before sealing its top. The capsule was then placed in a vertically mounted vessel (the so-called bomb). The bomb was subjected to a constant elevated temperature and a constant pressure of 2 kbar for 7 days. The elevated temperature can be chosen to be any value between 400øC and 800 C. The higher the temperature, the larger the grain size produced.
Gel-Aging-Produced Samples
These osamples were produced by aging ferrous hydroxide gel at 95 C constant temperature. This method is similar to that described by Sugimoto and Matijevic [ 1980] .
The 2 mm Single Crystal
This is a natural octahedral single crystal from Shetland greenschist.
Curie Point Characterization of Samples
The interest in high-temperature magnetic measurements in the present study was limited to its use as a way of characterizing the magnetite produced. When a magnetite sample is heated at a temperature of about 580øC (the Curie point for magnetite), it loses all its magnetization. This loss in spontaneous magnetization is due to thermal agitations overcoming the exchange energy. This high-temperature transitional change is used often in rock magnetism to determine if a rock contains the mineral magnetite. The major problem in using this method is the possibility of chemical alteration of the sample during the heating. Small, unprotected grains of magnetite convert to maghemiteo, which in turn converts to hematite on heating to above 300 C. In this study the Curie point was determined using magnetite thin film samples. Owing to their weak total magnetic moment, lithographically produced arrays of magnetite particles were not used for the Curie point determination. It has been assumed that the Curie point for thin films of magnetite is the same as that for lithographically produced arrays of magnetite particles since annealing was done under the same conditions. A susceptibility meter model MS2 from Bartington connected to a heating system model MSWFP from the same company was found to be easier to use for the determination of the Curie point than using the Curie balance. It is easier to pass nitrogen gas over a sample during an experimental run in this instrument and hence avoid oxidation of the sample that could lead to chemical alteration than to house the whole Curie balance equipment in either a vacuum or an inert gas environment.
A typical plot of normalized susceptibility as a function of temperature using MS2 equipment is shown in Figure 1 . The Curie temperature was found to be 580 +/-12øC which is in good agreement with the literature value of 580øC for magnetite [Thompson and Oldfield, 1986 ]. [1993] attributed this behavior to surface oxidation. According to this explanation, surface oxidation results in the formation of a maghemite shell with a smaller lattice parameter than the magnetite core. The resulting stretching due to the differences in lattice parameters produces cracks on the surface, creating ultrafine particles whose sizes are in the superparamagnetic range. It is the progressive unblocking of magnetization with temperature by these ultrafine particles which suppresses the Verwey transition. The smaller the particle, the larger the surface-to-body ratio, and hence the more the Verwey Figure 9 shows SIRM as a function of temperature for an array of magnetite cubic particles after subjecting them to stress. Stress was induced in these samples by dropping the sample inside a sealed container from 600øC into water placed below the furnace. According to Lowrie and Fuller [ 1969] , cooling magnetite at a high rate of greater than 30øC/s leads to structural defects. Hence the process of rapid quenching of samples described above insured that this rate Since the surface-area-to-body ratio of a particle increases with the decrease in particle size, this contribution could 0.2 result in a similar trend to that exhibited by partially oxidized samples. Thus the observed decrease in SIRM intensity loss at the Verwey transition with particle size for unoxidized 0 samples could be a surface-to-body ratio phenomenon that has nothing to do with oxidation of the sample.
Verwey Transition and Stoichiometric Magnetite
Effect of Stress on the Verwey Transition
An alternative explanation is to assume that the domain structure of particles in this size range is the vortex state was exceeded. Another way of subjecting the sample to stress was by applying physical pressure with a piston. Figure 9 (curve marked with open circles) shows SIRM for a sample that was rapidly cooled by dropping from a temperature of 600øC into a water container at room temperature. A constant decrease in the amount of SIRM starting from a temperature of 70 K to 120 K is evident. The Verwey transition is still near 120 K. The curve marked with solid circles shows a typical example for an array of magnetite particles obtained using annealing method 1. Although the Verwey transition is centered near 120 K, the rate of decrease is almost constant and occurs over a large temperature interval. This is most likely due to the difference in the stress anisotropy. The stress anisotropy is expected to increase from the top of a particle to its center. Thus different regions in a magnetite particle behave as if they each have their own magnetostriction anisotropy that is slightly different from the next region.
From the above mentioned observations concerning stressed samples of magnetite, it can be concluded that stressed magnetite grains can lead to an increase in the temperature interval where the Verwey transition occurs. According to this definition, memory refers to the recovery of the original direction of remanent magnetization after cooling and warming through a low-temperature transition in zero field. In this definition, there has to be a recovery of the remanence in the same direction as the original remanence. The amount of recovered memory is indicated by the letter A in Figure 10b . This definition will also be referred to as the "true" memory.
Effect of Oxidation on the Verwey Transition
Definition 2
Here memory refers to the surviving remanent magnetization after cooling and warming through a low temperature transition in zero field. In this definition the lost remanence at the low temperature (if any) need not be recovered. Figure 10 shows such a memory indicated by the letter B. For example, a sample that does not exhibit a lowtemperature transition, such as maghemite, will have 0% and 100% memory according to definitions 1 and 2, respectively (Figure 10c) . Since there has to be recovery of the lost SIRM at the low-temperature transition of magnetite according to definition 1, its value should be measured at least once below the low-transition temperature for magnetite. Note that the particles size dependence of SIRM lost at the Verwey Greenschist facies in contractional deformation [Yardley, 1989] [Belov, 1993] . According to this model, some conducting electrons are trapped by the field of iron cations in B sites. Such trapped electrons have their magnetic moment in a direction that is antiparallel to that of cations in the B sites, hence the reduction of magnetization. It is not the intention of the present study to vindicate this theory, hence the interested reader is referred to the review article by Belov [1993] . However, the intention here is to draw attention to a possible high-field, low-temperature method of identifying magnetite. This could be done by measuring Ms as a function of low temperature and observing if there is an increase near 120 K. This method would not require the sample to be in an essentially field-free environment, which is necessary when• observing SIRM changes.
Coercivity as a Function of Low Temperature
An attempt was made to measure hysteresis loops of lithographically produced particles as a function of low temperature using the MPMS2 SQUID. However most of the lithographically produced magnetite arrays had too weak a moment to produce loops with clearly resolvable coercivities. Only one lithographically produced sample, namely, sample JK1 (an array of 1 !.tin cubic particles of magnetite), had large enough total moments for the coercivity to be resolved by the MPMS2 SQUID. 
Conclusions
Using samples of arrays of magnetite particles of welldefined dimensions, including particle interspacing, the following results were obtained. The larger drop in SIRM at the Verwey transition observed in this study, and other studies, compared to samples of magnetite powders, was shown to be consistent with the effects of interparticle magnetostatic interactions in the latter. The particle size dependence of the drop in SIRM at the Verwey transition displayed by magnetite particles in the pseudo-single-domain range is explicable in terms of the vortex domain structures obtained from three-dimensional micromagnetic calculations or surface-area-to-body ratio (independent of particle surface oxidation). The particle size dependent memory reported by other researchers is most likely a reflection of the amount of the SIRM lost at the Verwey transition instead of being the "true" magnetic memory. Magnetic memory has been shown to be a stress-related phenomenon. This observation might be useful in assessing the nature of stress in rocks. A possible method of identifying rocks containing magnetite by measuring saturation magnetization as a function of low temperature has been identified. Such a method does not require the sample to be in an essentially field-free space as is necessary when SIRM is measured.
